Magnetic flux measurements of a toroidal magnet revealed a concave-shaped field distribution with a single minimum and a null field along the axis of the torus at the point where the field reversed. The non-linear magnetic field of the toroidal magnet perpendicular to the Ag 2 O-doped superconducting disc sample with trapped magnetic flux distorted the field line distribution. As a result, the interaction force between the magnet and the sample exhibited regions of repulsive, null, attractive, null and finally repulsive force. The asymmetrical concave-shaped force pattern along the axis with two null force points indicates that the force exerted on the sample changes direction, the transition from repulsive to attractive at the null force point, and the force becomes repulsive again beyond the second null force point as the distance along the axis increases. The magnetic field simulation using the Poisson numerical code for the toroidal magnet of 46 mm OD, 12 mm ID and 10 mm thickness was in close agreement with the force measurements. The lateral stability of a suspended sample under the toroidal magnet is provided by the characteristic symmetrical nature of the field line with respect to the axis of the magnet. The concave-shaped magnetic field forms a vertical magnetic wall around a suspended superconducting sample as demonstrated with lead, a type 1 superconductor. Thus, the toroidal magnet with a concave-shaped magnetic field distribution with respect to the mid-plane of the magnet provides much improved lateral stability for the magnetic bearing. Furthermore, this arrangement provides a loss-free shielding current in the absence of viscous drag from the environment or eddy current or hysteresis. The magnetic moment of an undoped and 2% Ag 2 O-doped samples was shown to be m = 0.043 emu and 0.06 emu, respectively. The measured suspension force exerted on the doped sample agreed well with that calculated from the magnetostatic force distribution.
Introduction
The mechanical stability of a high-temperature superconductor (HTS) holding above/under a permanent magnet (PM) by levitation/suspension force determines the serviceability of a device, such as magnetic bearings, energy storage flywheel and non-contact transport systems. The levitation is accounted for by the diamagnetic repulsive force with a gradient proportional to dB/dZ = J c due to the Meissner effect in the HTS, where B is the flux density along the axial distance Z and J c is the critical current density of the HTS sample [1, 2] . Therefore, a large J c is required to balance a large weight. The stable suspension of HTS under a PM is attributed to the flux pinning, and the field cooling of the doped sample is preferred for the enhanced flux pinning [3] . Lateral stability of the levitation/suspension system is another serious problem to counterbalance the lateral displacement, especially for the transportation system. A bowl-shaped superconductor over which the PM floats S H Lee et al is considered to provide a gravitational minimum leading lateral stability [4] . The present work is concerned with the suspension of the field-cooled BiPbSrCaCuO high-T c superconductor of undoped and doped samples under a toroidal permanent magnet compared with computer simulation of magnetic field.
Experimental details
The sample was made by the conventional solid-state method using Bi 2 O 3 , PbO, SrCO 3 , CaCO 3 and CuO powders of 99.9% purity. The molar ratio of the starting materials was 1.84:0.34:1.91:2.03:3.06, respectively, for Bi:Pb:Sr:Ca:Cu. The powder mixture was calcined in an alumina crucible at 810
• C for 24 h in air. After grinding the calcined cake, the precursor powder was mixed with Ag 2 O powder of 99.9% purity. The powder mixtures were pressed into pellets under 300 kg cm −2 , followed by sintering at 830-850
• C for various time periods up to 120 h. The disc sample with a diameter of 8 mm and thickness of 1 mm weighed 0.3 g. The magnetic suspension of a high-T c , BiPbSrCaCuO superconductor beneath a toroidal permanent magnet was examined by means of a magneto-balancing at 77 K. The relative position of the specimen and the magnet was measured with a cathetometer. The toroidal magnet used in this study was a samarium cobalt rare earth, NEOMAX, B = 0.15 T, produced by Sumitomo Special Metals Co. Ltd, and had the following dimensions: 46 mm OD, 12 mm ID, 10 mm thickness. The distribution of magnetic flux density along the axial direction was measured by using a gaussmeter, LakeShore Inc. The magnetization characteristics of the Ag 2 O-doped (2%) and undoped BiPbSrCaCuO samples were examined using M = M + − M − obtained from the hysteresis curves with 3 × 3 × 5 mm specimen using a vibrating sample magnetometer (VSM) between 0 to 0.2 T at 77 K.
Results and discussion
The magnetic field along the axis of the torus was calculated using the Poisson/Superfish code [5] for the toroidal magnet of 46 mm OD, 12 mm ID and 10 mm thickness in the cylindrical coordinates (r, θ , z). Dirichlet and Neumann boundary conditions were used to calculate the magnetic field, respectively, for the boundaries parallel and perpendicular to the symmetric axis. The calculated boundaries were set to be sufficiently large compared to the magnet size, and the magnetization of a toroidal magnet was assumed to be a constant along the axis direction. Magnetic field calculation was carried out with +1 and −1 stat-ampere of the surface current at r = 6 mm and 23 mm surface, respectively, and the field strength at the magnet surface was set to be 0.15 T. The calculated magnetic field along the axis at the radial centre in figure 1 shows a single asymmetric concave-shaped distribution on each side of the magnet (Z > 0 and Z < 0) with a null field at 4.8 mm, where the field vector reversed.
The variations of the calculated and measured field strengths along the symmetric axis at r = 0 are compared in figure 2 , where one can see that the general pattern agrees reasonably, except the position of null field. This may be attributed to the assumption of a constant magnetization in the axial direction we made in the calculation. Figure 3 shows the magnetic field line distribution around the toroidal magnet, which is consistent with the field distribution revealed by ferromagnetic particles above the toroidal magnet shown in figure 4 . If the magnetic moment, m, of the HTS is assumed to be proportional to −B z , the interacting magnetic force exerted on the HTS in the magnetic field B is given as F = m(dB/dZ), and along the symmetric axis at r = 0, F ∝ B z (dB/dZ).
The calculated and measured (using an electronic balance) interaction forces between a 2% Ag 2 O-doped HTS sample and a toroidal magnet are compared in figure 5 along the symmetrical axis as a function of axial distance.
The presence of an HTS sample perpendicular to the nonlinear magnetic field of a toroidal magnet distorts the original field line distribution; as a result, the interaction force between the magnet and the sample exhibits a concave shape on each side of the magnet (Z > 0 and Z < 0), i.e. the regions of repulsive (Z < 4.8 mm), attractive (4.8 mm < Z < 11.8 mm), null force (Z = 4.8 mm and 11.8 mm) and repulsive force (Z > 11.8 mm). The results in figure 5 indicate that the force exerted on the HTS sample changes the direction with respect to the null force points along the Z-axis. The repulsive force in the repulsive force region along the +Z direction balances the weight acting in the −Z direction, resulting in the stable levitation above a toroidal magnet. Similarly, by the symmetry with respect to the Z = 0 plane, the suspension of the HTS sample occurs in the attractive region by balancing the weight. The asymmetric concave-shaped interacting magnetic force forms a vertical conical-shaped magnetic wall around a levitated/suspended HTS sample, as demonstrated with a bowl-shaped type 1 superconductor lead providing a gravitational minimum leading lateral stability [4] . Thus, the lateral stability of the levitated/suspended HTS sample above/beneath a toroidal magnet is achieved by the characteristic asymmetric nature of the magnetic force with respect to the axis of magnet. The levitation was observed for both the undoped and doped samples at 77 K; however, the suspension occurred only for the Ag 2 O-doped (2%) and field-cooled sample. The doped sample levitated at 3 mm above and suspended at 2 mm beneath the toroidal magnet indicates the greater attractive force exerted on the sample. However, the difference between the measured and calculated distances of levitation/suspension may be caused by the assumptions of constant magnetization of the permanent magnet along the symmetric axis and m = −B z . The suspension force of 1.21 mN measured by the electronic balance at the equilibrium for the 2% Ag 2 O-doped sample of the field-cooled condition agrees well with that calculated from the magnetostatic force curve in figure 5 . This force corresponds to the reduced weight due to the attractive force exerted on the HTS sample above a toroidal PM. The magnetic moment of the HTS calculated from the magnetization hysteresis was shown to be 0.043 emu and 0.06 emu, respectively, for the undoped and 2% Ag 2 O-doped samples, which is attributed to the enhanced flux pinning and higher critical field.
Conclusions
The present work suggested that the successive regions of repulsive, null force, attractive and repulsive force were produced along the axis of the toroidal magnet on both the top and bottom surfaces as a result of interaction between the HTS and non-linear magnetic field of the toroidal magnet. The resulting asymmetric concave-shaped magnetostatic force forms a magnetic wall around the levitated/suspended sample, and also provides a gravitational minimum at the equilibrium; thus the improved stability of magnetic bearing systems is expected. The suspension was observed only for the Ag 2 Odoped and field-cooled sample which is attributed to the enhanced flux pinning due to the field-cooled condition.
